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Abstract In this paper, radiation due to standing wave currents were considered
for the electric dipole. Assumptions that wavelength is much smaller than the
dipole separation distance, which is in turn much smaller than the distance to
the point of observation, were employed. Results indicate that the electric dipole,
which now essentially is a linear antenna, emits both long range longitudinal elec-
tric and transverse electromagnetic waves. Two cases were considered: electric
dipole with and without charge oscillations at its ends. Each case was further di-
vided into two cases: with even and odd number of half-wavelengths. For specific
values of the system, longitudinal electric and transverse electromagnetic waves,
total radiated power, longitudinal to transverse power ratio and radiation resis-
tance were calculated and depicted.
Keywords Electric dipole · Long-range waves · Longitudinal electric waves ·
Transverse electromagnetic waves · Total radiated power
1 Introduction
This paper is the final paper of the triplet [50,51]. In this work we will consider
radiation of electric dipole under steady state currents. Without much elaboration,
we will present the results. For derivations, please follow the previous two papers
of the sequel.
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Fig. 1 Two current waves at initial time t = 0 (left diagram) and the resulting standing
wave current profile (right black diagram) for four electric dipole systems: a) with net charge
oscillations and with d
λ
= 2N
2
, b) without charge oscillations and with d
λ
= 2N
2
, c) with net
charge oscillations and with d
λ
= 2N+1
2
, d) without charge oscillations and with d
λ
= 2N+1
2
.
2 Theoretical Derivation
2.1 Standing Wave Current with Net Charge Oscillations
Let us consider the following electric dipole (Fig. 1a), where there are two currents,
denoted as I+ and I−, correspondingly flowing in zˆ and −zˆ directions simultane-
ously. The currents are given as
I±(r , tr) = −q0ω sin (±2pi
λ
(
d
2
− z) + ωtr)zˆ (1)
and they have the same amplitude and frequency. The above pair of currents
results in the following standing wave current
I = I+ + I− = −2q0ω cos (2pi
λ
(
d
2
− z)) sin (ωtr)zˆ (2)
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We notice that these currents were already considered in [50,51], and so they
should result in charge oscillations with double charge amplitude of 2q0. Also it
can be observed from (2) that spatial part of the standing wave current gives
maximum current values at the charge locations. In other words, charge locations
(at z = ±d2 ) become anti-nodes of current oscillations due to these two currents
(see black profile in Fig. 1a). Potential and force fields for each of the currents
were derived before in [50,51]. Therefore the resultant potential and force fields
for the dipole with the given currents will be simple algebraic sum of the obtained
results
V = − 2q0
4pi0
1
r
(
cos(ω(t− r
c
))
(
cos(
ωd
2c
(2− cos θ))− cos(ωd
2c
cos θ)
)
+
sin(ω(t− r
c
))
(
sin(
ωd
2c
cos θ)− sin(ωd
2c
(2− cos θ))
)) (3a)
A = − q0
4pi0
1
rc
(cos θrˆ− sin θθˆ)·(
cos(ω(t− r
c
))
( 1
1 + cos θ
(2 cos(
ωd
2c
)− cos(ωd
2c
(2 + cos θ))− cos(ωd
2c
cos θ))+
1
1− cos θ (cos(
ωd
2c
cos θ) + cos(
ωd
2c
(2− cos θ))− 2 cos(ωd
2c
))
)
+
sin(ω(t− r
c
))
( 1
1 + cos θ
(sin(
ωd
2c
(2 + cos θ)) + sin(
ωd
2c
cos θ))+
1
1− cos θ (sin(
ωd
2c
(2− cos θ))− sin(ωd
2c
cos θ))
))
(3b)
Er = − q0
4pi0
ω
rc
(
cos(ω(t− r
c
))
(
2 sin(
ωd
2c
cos θ)− 2 sin(ωd
2c
(2− cos θ))+
cos θ
1 + cos θ
(− sin(ωd
2c
cos θ)− sin(ωd
2c
(2 + cos θ)))+
cos θ
1− cos θ (sin(
ωd
2c
cos θ)− sin(ωd
2c
(2− cos θ)))
)
+
sin(ω(t− r
c
))
(
2 cos(
ωd
2c
cos θ)− 2 cos(ωd
2c
(2− cos θ))+
cos θ
1 + cos θ
(2 cos(
ωd
2c
)− cos(ωd
2c
cos θ)− cos(ωd
2c
(2 + cos θ)))+
cos θ
1− cos θ (cos(
ωd
2c
cos θ) + cos(
ωd
2c
(2− cos θ))− 2 cos(ωd
2c
))
))
(3c)
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Eθ = − q0
4pi0
ω
rc
(
cos(ω(t− r
c
))
( sin θ
1 + cos θ
(sin(
ωd
2c
(2 + cos θ)) + sin(
ωd
2c
cos θ))+
sin θ
1− cos θ (sin(
ωd
2c
(2− cos θ))− sin(ωd
2c
cos θ))
)
+
sin(ω(t− r
c
))
( sin θ
1 + cos θ
(cos(
ωd
2c
(2 + cos θ)) + cos(
ωd
2c
cos θ)− 2 cos(ωd
2c
))+
sin θ
1− cos θ (2 cos(
ωd
2c
)− cos(ωd
2c
cos θ)− cos(ωd
2c
(2− cos θ)))
))
(3d)
where E = Er rˆ + Eθθˆ and B = Bφφˆ with Bφ =
Eθ
c . It can be noticed from (3)
that the given system of currents indeed results in charge oscillations with double
amplitude (2q0).
The system of equations (3) are valid for dλ ∈ R, where R is represents a real
number. However for standing wave currents, naturally, two cases dλ =
2N
2 and
d
λ =
2N+1
2 should be considered, where N is natural number. These two cases
correspond, respectively, to an even and odd number of half-wavelengths. Firstly,
the former condition dλ =
2N
2 was applied to (3), see Fig. 1a. In this case the
following algebraic identities were utilized
sin(
ωd
2c
(2± cos θ)) = ± sin (ωd
2c
cos θ)
cos(
ωd
2c
(2± cos θ)) = cos (ωd
2c
cos θ)
(4)
By applying (4) to (3) the following equations were obtained
V = − q0
4pi0
4
r
sin(ω(t− r
c
)) sin(
ωd
2c
cos θ) (5a)
A = − q0
4pi0
1
rc
4 cos θ
1− cos2 θ (cos θrˆ− sin θθˆ)·(
cos(ω(t− r
c
))(cos(
ωd
2c
cos θ)− cos(ωd
2c
)) + sin(ω(t− r
c
))(− sin(ωd
2c
cos θ))
)
(5b)
Er = − q0
4pi0
ω
rc
4
1− cos2 θ
(
cos(ω(t− r
c
)) sin(
ωd
2c
cos θ)+
sin(ω(t− r
c
))(cos(
ωd
2c
cos θ)− cos(ωd
2c
)) cos2 θ
) (5c)
Eθ = − q0
4pi0
ω
rc
4 cos θ
sin θ
(
cos(ω(t− r
c
))(− sin(ωd
2c
cos θ))+
sin(ω(t− r
c
))(cos(
ωd
2c
)− cos(ωd
2c
cos θ))
) (5d)
Secondly, the latter condition dλ =
2N+1
2 was applied to (3), see Fig. 1c. The
following useful identities were derived for this case
sin(
ωd
2c
(2± cos θ)) = ∓ sin (ωd
2c
cos θ)
cos(
ωd
2c
(2± cos θ)) = − cos (ωd
2c
cos θ)
(6)
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By applying (6) to (3), the following results were obtained
V =
q0
4pi0
4
r
cos(ω(t− r
c
)) cos(
ωd
2c
cos θ) (7a)
A = 0 (7b)
Er = − q0
4pi0
4ω
rc
sin(ω(t− r
c
)) cos(
ωd
2c
cos θ) (7c)
Eθ = 0 (7d)
Next the case when d  λ is considered, which needs to be applied to (3).
If, instead, it is applied to (5) or to (7), then we get the incorrect result. This
mistake was done for electric dipole radiation with fixed charges and oscillating
charge magnitudes under the assumption that d λ in [22,23].
V =
q0
4pi0
4
r
sin(ω(t− r
c
))
ωd
2c
(1− cos θ) (8a)
A = − q0
4pi0
4
rc
(cos θrˆ− sin θθˆ) sin(ω(t− r
c
))
ωd
2c
(8b)
Er =
2q0
4pi0
ω2d
rc2
cos(ω(t− r
c
)) (8c)
Eθ = − 2q0
4pi0
ω2d
rc2
cos(ω(t− r
c
)) sin θ (8d)
Field expressions in (8) are simply twice the values of fields of an electric dipole
with current flowing in only one direction and under the assumption d λ given
in [51]. This is consistent with what is expected, because in this case charge oscil-
lations and currents simply add up. Also radiated power by the electrical dipole is
twice the value of the radiated power by the dipole under only one current wave
I+ or I− given in [50,51].
2.2 Standing Wave Current without Charge Oscillations
In this section we consider the case when the second current I− is phase shifted
by pi, Fig. 1b. This results in the following currents
I±(r , tr) = ∓q0ω sin (±2pi
λ
(
d
2
− z) + ωtr)zˆ (9)
When these two currents are added up, the following standing wave current is
obtained
I = I+ + I− = −2q0ω sin (2pi
λ
(
d
2
− z)) cos (ωtr)zˆ (10)
As a consequence of the new currents, the charge is canceled at the two points
of the dipole (see standing wave current in Fig. 1b). This can also be inferred
from spatial part of the standing wave current in (10). In other words, charge
locations are now nodes of charge oscillations. Therefore we conclude immediately
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that V = 0 in this case. In effect, this dipole system now becomes a typical end-
fed linear antenna. Below we provide the potential and force fields for the given
system for the case dλ ∈ R
V = 0 (11a)
A = − q0
4pi0
1
rc
(cos θrˆ− sin θθˆ)·(
cos(ω(t− r
c
))
( 1
1 + cos θ
(cos(
ωd
2c
cos θ)− cos(ωd
2c
(2 + cos θ)))+
1
1− cos θ (cos(
ωd
2c
cos θ)− cos(ωd
2c
(2− cos θ)))
)
+
sin(ω(t− r
c
))
( 1
1 + cos θ
(sin(
ωd
2c
(2 + cos θ))− 2 sin(ωd
2c
)− sin(ωd
2c
cos θ))+
1
1− cos θ (2 sin(
ωd
2c
)− sin(ωd
2c
(2− cos θ))− sin(ωd
2c
cos θ))
))
(11b)
Er = − q0
4pi0
ω
rc
(
cos(ω(t− r
c
))
(
cos θ
1 + cos θ
(2 sin(
ωd
2c
) + sin(
ωd
2c
cos θ)− sin(ωd
2c
(2 + cos θ)))+
cos θ
1− cos θ (sin(
ωd
2c
cos θ) + sin(
ωd
2c
(2− cos θ))− 2 sin(ωd
2c
))
)
+
sin(ω(t− r
c
))
( cos θ
1 + cos θ
(cos(
ωd
2c
cos θ)− cos(ωd
2c
(2 + cos θ)))+
cos θ
1− cos θ (cos(
ωd
2c
cos θ)− cos(ωd
2c
(2− cos θ)))
))
(11c)
Eθ = − q0
4pi0
ω
rc
(
cos(ω(t− r
c
))
( sin θ
1 + cos θ
(sin(
ωd
2c
(2 + cos θ))− 2 sin(ωd
2c
)− sin(ωd
2c
cos θ))+
sin θ
1− cos θ (2 sin(
ωd
2c
)− sin(ωd
2c
(2− cos θ))− sin(ωd
2c
cos θ))
)
+
sin(ω(t− r
c
))
( sin θ
1 + cos θ
(cos(
ωd
2c
(2 + cos θ))− cos(ωd
2c
cos θ))+
sin θ
1− cos θ (cos(
ωd
2c
(2− cos θ))− cos(ωd
2c
cos θ))
))
(11d)
If natural condition for the standing wave currents dλ =
2N
2 is now applied to
(11), see Fig. 1b, then all potential and force fields surprisingly become null
V = 0 (12a)
A = 0 (12b)
Er = 0 (12c)
Eθ = 0 (12d)
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On the other hand, if the condition dλ =
2N+1
2 is now applied to (11), Fig. 1d, then
we get
V = 0 (13a)
A = − q0
4pi0
1
rc
4
1− cos2 θ (cos θrˆ− sin θθˆ)
(
cos(ω(t− r
c
)) cos(
ωd
2c
cos θ)+
sin(ω(t− r
c
))(sin(
ωd
2c
) cos θ − sin(ωd
2c
cos θ))
) (13b)
Er = − q0
4pi0
ω
rc
4 cos θ
1− cos2 θ
(
cos(ω(t− r
c
))(− sin(ωd
2c
) cos θ + sin(
ωd
2c
cos θ))+
sin(ω(t− r
c
)) cos(
ωd
2c
cos θ)
)
(13c)
Eθ = − q0
4pi0
ω
rc
4
sin θ
(
cos(ω(t− r
c
))(sin(
ωd
2c
) cos θ − sin(ωd
2c
cos θ))+
sin(ω(t− r
c
))(− cos(ωd
2c
cos θ))
) (13d)
If the assumption d  λ is applied to (11), then null results are obtained for
all fields as in (12).
If instead the pi phase shift is applied to the current I+, while keeping the
current I− in its original form, then this results in the following currents
I±(r , tr) = ±q0ω sin (±2pi
λ
(
d
2
− z) + ωtr)zˆ (14)
The fields in this case will be the same as in (11)-(13), but with opposite sign.
3 Results
Let us now summarize the results obtained so far. Two sinusoidal currents, with
equal amplitudes and frequencies, but traveling in the opposite directions, pro-
duce standing current waves. Depending on the relative phase shift between two
currents, there are two electric dipole systems, which at the end result in four
different cases.
The first system (Fig. 1a) has nonzero net charges at its end points, which
appear due to conservation of electric charge. In other words, dipole end points are
anti-nodes of current oscillations. Currents can not abruptly become zero without
violating the charge conservation law, and so net charges appear at the dipole
ends in order to preserve the charge conservation law. Potential and force fields
for the general case dλ ∈ R and for the case dλ  1 are given in (3) and (8),
correspondingly. Potential and force fields for the case dλ =
2N
2 (even number of
half-wavelengths) are given in (5), and these equations can also be written in terms
of N as
1. (System with charges at the end and standing current waves dλ =
2N
2 )
V = − q0
4pi0
4
r
sin(ω(t− r
c
)) sin(pi
2N
2
cos θ) (15a)
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A = − q0
4pi0
1
rc
4 cos θ
1− cos2 θ (cos θrˆ− sin θθˆ)·(
cos(ω(t− r
c
))(cos(pi
2N
2
cos θ)− cos(pi 2N
2
)) + sin(ω(t− r
c
))(− sin(pi 2N
2
cos θ))
)
(15b)
Er = − q0
4pi0
ω
rc
4
1− cos2 θ
(
cos(ω(t− r
c
)) sin(pi
2N
2
cos θ)+
sin(ω(t− r
c
))(cos(pi
2N
2
cos θ)− cos(pi 2N
2
)) cos2 θ
) (15c)
Eθ = − q0
4pi0
ω
rc
4 cos θ
sin θ
(
cos(ω(t− r
c
))(− sin(pi 2N
2
cos θ))+
sin(ω(t− r
c
))(cos(pi
2N
2
)− cos(pi 2N
2
cos θ))
) (15d)
Bφ = Eθ (15e)
Potential and force fields for the case dλ =
2N+1
2 (odd number of half-wavelengths)
are given in (7), and these equations can also be written in terms of N as
2. (System with charges at the end and standing current waves dλ =
2N+1
2 )
V =
q0
4pi0
4
r
cos(ω(t− r
c
)) cos(pi
2N+ 1
2
cos θ) (16a)
A = 0 (16b)
Er = − q0
4pi0
4ω
rc
sin(ω(t− r
c
)) cos(pi
2N+ 1
2
cos θ) (16c)
Eθ = 0 (16d)
Bφ = Eθ (16e)
The second dipole system (Fig. 1b) has zero charges at its ends at all times.
This occurs due to two currents canceling each other at the end points, and
so end points are nodes of current oscillations. For this system, potential and
force fields for the general case dλ ∈ R and for the case dλ  1 are given in (11)
and (12), respectively. For the case dλ =
2N
2 potential and force fields are also
zero, as in (12).
3. (System without charges at the end and standing current waves dλ =
2N
2 ) - all
fields are zero.
While for the case dλ =
2N+1
2 potential and force fields are given in (13), and
these equations can be written as
4. (System without charges at the end and standing current waves dλ =
2N+1
2 )
V = 0 (17a)
A = − q0
4pi0
1
rc
4
1− cos2 θ (cos θrˆ− sin θθˆ)
(
cos(ω(t− r
c
)) cos(pi
2N+ 1
2
cos θ)+
sin(ω(t− r
c
))(sin(pi
2N+ 1
2
) cos θ − sin(pi 2N+ 1
2
cos θ))
)
(17b)
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Er = − q0
4pi0
ω
rc
4 cos θ
1− cos2 θ
(
cos(ω(t− r
c
))(− sin(pi 2N+ 1
2
) cos θ + sin(pi
2N+ 1
2
cos θ))+
sin(ω(t− r
c
)) cos(pi
2N+ 1
2
cos θ)
)
(17c)
Eθ = − q0
4pi0
ω
rc
4
sin θ
(
cos(ω(t− r
c
))(sin(pi
2N+ 1
2
) cos θ − sin(pi 2N+ 1
2
cos θ))+
sin(ω(t− r
c
))(− cos(pi 2N+ 1
2
cos θ))
)
(17d)
Bφ = Eθ (17e)
Results for longitudinal and transverse electric fields for the aforementioned four
cases are shown in Fig. 2 (the third case corresponds to the non-radiating system
and so is not shown). The electric fields were generated for the following values
of system parameters: d = 1 m, λ = 10−2 m, r = 104 m, q0 = 10−9 C. As it can
be observed, longitudinal electric field is present in three cases out of four, while
transverse electric field is present in two cases only. The transverse electric field
has the same magnitude in the first and fourth cases. The same is true for the
longitudinal electric field, while in the second case the longitudinal electric field is
the weakest. Also longitudinal electric field in the second case has multiple wave
peaks, which means that the wave is more spread in the space. While in the first
and fourth cases the longitudinal and transverse electric fields have one dominant
wave peak. Therefore, it can be concluded that from practical perspective the
second case can also be regarded as a non-radiating system. By looking into the
longitudinal and transverse electric fields in the first and fourth cases, it can be
observed that the wave packets look identical, but shifted in phase.
Longitudinal Wl, transverse Wt and combined W (longitudinal + transverse)
radiated powers as a function of dλ are shown in Fig. 3. The plots on the top row
(Fig. 3a-c) depict the power vs dλ when λ = 10
−4 m is fixed and d is varied. The
plots in the middle row (Fig. 3d-f) show the power vs dλ when d = 1 m is fixed
and λ is varied. The following information can be extracted from the plots. For
the system with charges and with dλ =
2N
2 , Wl ∼ dω3, Wt ∼ ω2, and W ∼ dω3.
For this case, dependence of Wt on d is not clear. For the system with charges and
with dλ =
2N+1
2 , Wl ∼ ω2. In this case Wl does not depend on d, which is obvious
because longitudinal electric wave in this case appears due to scalar field V only.
Scalar field is due to charges, which implies that separation distance d does not
play any role. For the case without charges and with dλ =
2N+1
2 , Wl ∼ d3/2ω7/2,
Wt ∼ ω2, and W ∼ d3/2ω7/2. In this case also the dependence of Wt on d is not
conclusive.
Radiation resistance, defined as ratio of total radiated power to the room mean
square current value, is shown in Fig. 3g-i. It can be observed that radiation
resistance varies as: dλ in the first case (dipole system with charges and with
d
λ =
2N
2 ), constant 60 Ohm in the second case (system with charges and with
d
λ =
2N+1
2 ), and (
d
λ )
3/2 in the fourth case (system without charges and with
d
λ =
2N+1
2 ).
Ratios R of longitudinal to transverse radiated powers for the first and fourth
cases are shown in Fig. 4. It can be concluded that the ratio is proportional to
( dλ )
5/6 (roughly) in the first case and to ( dλ )
4/3 in the fourth case.
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Fig. 2 Longitudinal and transverse electric fields as a function of r and θ. For clarity the
scaled electric field E∗r = Er/α is plotted, where α is: a) 400, b) 2.6, c) 400, d) 40, e) 40.
4 Discussion
In this paper we applied two currents with equal amplitude and frequency, but
flowing in opposite directions, to the electrical dipole. In other words, general far-
field radiation by a linear antenna under steady state currents (2) and/or (10)
for any dλ =
2N
2 and
d
λ =
2N+1
2 were presented. As a result, four different cases
emerged. In the first case with nonzero charge source and even number of half-
wavelengths (see (5) and Fig. 1a), electric dipole emits scalar and vector potential
fields, as well as longitudinal and transverse electric and magnetic fields. In other
words, electric charge emits fully. In the second case with nonzero charge source
but odd number of half-wavelengths (see (7) and Fig. 1c), the electric dipole emits
only scalar potential waves and the longitudinal electric wave, but it does not
emit vector potential, transverse electric and magnetic waves. In the third case
with zero charge source and even number of half-wavelengths (see (12) and Fig.
1b), the dipole does not emit anything. It is completely “black” or non-radiating
source cite. In the fourth case with no charge source and odd number of half-
wavelengths (see (13) and Fig. 1d), the system emits only vector potential waves,
longitudinal and transverse electric and magnetic waves. It does not emit scalar
potential waves. Based on these observations it can be concluded that, at least for
the electric dipole system, the scalar and vector potential waves are at the root of
the existence of longitudinal electric waves. While transverse electric and magnetic
waves are due to vector potential waves only. In other words, longitudinal electric
wave can appear due to existence of scalar or vector potential waves, or both.
For the case dλ =
2N
2 , if the two currents have a specific phase shift, given in
(1), then the electrical dipole radiates fully. However, if the phase shift between
currents is modified by pi (from its previous value), then the new currents (9)
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Fig. 3 Longitudinal, transverse and total electric field powers as a function of d
λ
. Also shown
are radiation resistances.
Fig. 4 Ratio of longitudinal to transverse power as a function of d
λ
.
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or (14) lead to complete cessation of the radiation. In other words, radiation of
the electric dipole under steady state current waves can be eliminated completely,
without any need to turn off the system, simply by changing the phase difference
between currents. Thus the electrical system with oscillating currents (9) and
under the case dλ =
2N
2 is an example of nonradiating sources [30,41,11].
When dealing with cases when d ≥ λ, most often the Fraunhofer assumption
r >
2d2
λ
(18)
is used to derive far-field radiation results [23,24,5]. This assumption naturally
restricts applicability of the linear antenna theory. Our solutions also are limited
by the Fraunhofer assumption. As our next work, we want to extend these results
to the so called Fresnel region. We note that the standing wave currents considered
in this paper were also utilized in [32] (Section 14.2 “Half-Wave Antenna”, equation
(15)). Slightly different standing wave currents were considered in [5] (Section 4.5
“Finite Length Dipole”, equation (4-56), center-fed antenna), in [24] (Section 5.1
“Wire-Type Antennas”, equation (5.1)), in [12] (Section 13.5 “Center Fed Linear
Antenna”, equation (13.52)), in [40] (Section 34.2 “Center-Fed Antenna”, equation
(34.22)) and so on.
Most of the textbooks about linear antenna theory derive the radiation for
center-fed antennas. In this work we described the end-fed antennas. In particular,
dipole systems without charge oscillations are end-fed linear antennas, where two
feeding transmission lines are connected at one end of the linear antenna. While
dipole system with charge oscillations are end-fed antennas, where four feeding
transmission lines are connected to two ends of the linear antenna. We note that
end-fed antennas result in true standing wave current, because there are two sine
wave currents coming from each of the two feeding transmission lines to the end-fed
antenna. To the contrary, there is only one current in each section (half-length)
of the center-fed antenna. For end-fed antennas, two currents are fed from one
end of the antenna. It would be interesting to see also the result of applying two
sine currents at two separate ends of the end-fed antenna. This would result in
the same system as is considered in Fig. 1a,c, but with magnitudes of charge
oscillations equal to q0, not 2q0. This is due to the fact that at each end of the
antenna, only one current results in charge oscillations.
The obtained results can not be applied for the electrical dipole with fixed
charge magnitudes, but oscillating charge positions. In other words, the electrical
dipole with oscillating charge magnitudes, but fixed charge positions, is completely
different than electrical dipole with fixed charge magnitudes, but oscillating charge
positions. Additionally, as it was reported in [51], the radiation of the electric dipole
with oscillating charge magnitudes even in the classical approximation d  λ
does not coincide with the radiation of the electric dipole with oscillating charge
positions. In other words, the classical solution of the radiation of the electric
dipole with oscillating charge magnitudes presented in the literature is not correct.
Therefore in order to distinguish these two electrical systems in the literature, we
propose to call the electrical dipole with oscillating charge positions, but with
constant charge magnitudes, as Oscillating Position Electric Dipole or in short
p-dipole. While electric dipole with fixed charge positions, but with oscillating
charge magnitudes, can be called as Oscillating Charge Electric Dipole or in short
c-dipole. In this paper we considered a c-dipole system.
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Even though charged particles can not travel faster than light, superluminal
volumetric polarization currents were theoretically and experimentally considered
in [3,4] and in [42,2], correspondingly. It was shown that these polarization currents
generate radiation, which is similar to radiation due to superluminally moving
sources. Also it was shown that rotating and oscillating superluminal polarization
currents generate localized electromagnetic waves (cusps) that decay slower that
inverse distance squared law. These cusps appeared due to detection over a short
observation time of radiation emitted over much longer period of source (retarded)
time, and they existed in the far zone also. Emitted radiation was also frequency
independent, meaning that a single beam could be used to transmit a signal at
multiple frequencies. We note that experimental results showed that the beam
due to superluminal polarization currents decays as inverse distance law and its
beamwidth is less than 5 degrees [2], which is similar to our theoretical results. It
would be interesting to investigate the radiation of the p-dipole with superluminal
polarization currents.
Longitudinal electric waves can shed light on the phenomena of longitudinal
electrodynamic forces [26]. These longitudinal forces were observed in [29], where
a thin wire, subject to a current pulse, disintegrated into pieces in solid state
without melting. It was observed that wires disintegrated due to tensile stress and
the origin of these longitudinal forces was not clear at the beginning. Initially
local surface melting was believed to be the cause of the wire disintegration, but
it was later ruled out [19,20,21]. Longitudinal Ampere forces alone could explain
the wire fragmentation [21], and these forces were directly observed in [38,33].
However later it was shown that thermal standing stress wave was responsible for
first fracture in long wires with open ends [27]. Longitudinal forces also explain
the electromagnetic jet propulsion and the recoil mechanism in a railgun [20,6].
“Scalar electromagnetic waves”, which we believe are longitudinal electric waves,
were observed in [28]. Even though this seminal paper had some errors in its the-
oretical part [9], we believe that the main value of the paper is in the reported
experiments. Later there was an attempt to explain the experimental observation
of scalar electromagnetic waves through classical transverse electromagnetic waves
emitted by surface currents flowing in the Earth [34]. However, this explanation
was later refuted by a research team [10], who repeated carefully original experi-
ments by Monstein. ”Electroscalar” signals, which we again speculate that these
might be longitudinal electric waves, were observed during the eclipse of the Sun
by the Moon in 2008 [49,47]. Longitudinal vector potential waves were observed
in [52,53,31,46]. Longitudinal electric waves in open air were experimentally ob-
served in [18,16,14,15]. The experiments were performed in the microwave region
with 8.245 and 12.25 GHz frequencies using the waveguides, an electric dipole and
a magnetic dipole. Authors also observed faster than light phase velocities. The-
oretical and experimental study of dipole radiation in conducting half-space was
carried out in [45,7], where interestingly radial component (in terms of cylindrical
coordinate system) of the electric field varies as inverse distance in the far-field.
Finally, new technologies for energy transfer with only one wire and based on
resonance reactive currents were developed under member of the Academy of Sci-
ence, Prof. D. S. Strebkov in the Russian Research Institute for Electrification
of Agriculture [39]. To the best knowledge of authors, the research and develop-
ment results achieved by Prof. Strebkov are the only scientific results in academia
derived from the original Nikola Tesla research.
14 Altay Zhakatayev, Leila Tlebaldiyeva
From engineering perspective, existence of longitudinal electric waves opens
new frontiers of research for communication, power transmission, radar technol-
ogy, imaging and observation, and electromagnetics technologies. However, from
fundamental perspective, the existence of longitudinal electric waves raises three
important items [44]. Firstly, longitudinal electric waves give strong support to
existence of electrodynamic potentials as real physical fields. This is in contrast to
the accepted academic view that electrodynamic potentials are simply mathemat-
ical tools and that they do not have any connection to reality [22,13]. There are
experimental works (Aharonov-Bohm effect, Maxwell-Lodge effect, Andre´-Blondel
experiment) which prove that electrodynamic potentials are real physical fields
[1,17,37,43]. Secondly, existence of longitudinal electric waves puts a doubt on
gauge theory. In other words, gauge invariance of electrodynamic potentials might
not be correct, because electric and magnetic fields do not provide full specifica-
tion of a physical system [35]. Electrodynamic potentials carry additional infor-
mation. Thirdly, existence of longitudinal electric waves proves that Gauss’s law
(∇ · E = ρ/0), which is one of the four Maxwell equations, is not correct. Our
preliminary work in this directions shows that present form of the Gauss’s law
is valid only for static case, while for dynamic cases with time-varying charges or
currents, it is not valid. In other words, Maxwell equations are not complete. Addi-
tionally, it was shown in [8] that Lorenz gauge is formulated for averaged values of
the electrodynamic forces. If, instead, microscopic d’Alembert equation is used to
construct the quantum electrodynamics, then longitudinal vector potential waves
become possible.
Let us summarize what we have achieved so far with these three papers of
the sequel. From the fundamental principles, in order to perform analysis of any
given electrodynamic system, the first thing that needs to be done is to find the
electrodynamic potentials (V and A) of the system. Then from electrodynamic
potentials we can find the electrodynamic forces (E and B) of the system. Elec-
trodynamic scalar potential is evaluated by summation (for discrete systems) or by
integration (for continuous systems) of potentials due to individual charges. The
same principle is applied when evaluating vector potential due to current sources.
For static systems (with fixed charge positions and magnitudes and steady cur-
rents) the resultant potential and force fields are functions of space coordinates
only. While for dynamic systems (with time varying charge and current positions
and/or magnitudes) these fields are function of space and time (retarded) coordi-
nates. From mathematical point of view, evaluation of the potentials and forces
can be done in two ways:
1. by direct summation and integration, or
2. by power series expansion around arbitrary point in space (for static systems)
and in time (for dynamic systems).
In the second option, Taylor series expansion is applied for numerator (source
terms) and for denominator (distance) terms of the potentials [48,23]. In this case,
of course, the potentials can be evaluated only if the series converges. In order for
the power series to converge for the electric dipole system, the assumption that
d r is utilized for the static system and the assumptions d λ r are utilized
for the dynamic dipole systems. In other words, these assumptions are necessary
only for convergent property of power series expansion of potentials. As a result
of these assumptions, potentials can be evaluated through power series expansion,
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and each term of the resultant expansion can be characterized as electric dipole
moments of diverse order (dipole, quadrupole, etc.). However it does not mean
that these assumptions are necessary for evaluation of potentials through direct
method or through other Taylor series expansions. In our papers the Taylor series
expansion was utilized only for the r term in the potentials, while λ and d terms
were integrated fully in order to find the potentials and forces under the assumption
λ d r.
Ideally, no assumptions are ought to be used during the derivation of potentials
and in the subsequent derivation of forces from potentials. This would result in
the most general and accurate solution for the given system, but it is difficult to
achieve this result. Therefore during the derivation, various assumptions are used
in the literature. For example, the following set of assumptions d  λ  r are
used for the derivation of electric dipole radiation for the long range (far-field)
case. For the short-range (static field) the assumptions d r  λ are used, while
for intermediate range (induction zone) the assumptions d r ∼ λ are utilized.
We would like to note that it was very interesting for us to obtain these results.
Off course a question arises, why these results where never discovered before? Our
believe is that this happened due to simplifications utilized during derivations
of radiation results of the electric dipoles and linear antennas. Specifically, we
found the following mistakes in common textbooks. In [23], during the derivation
of radiation by electric dipole based on Jefimenko equations (Sec. 9.3), authors
considered retardation effect due to two terms in Eq. 9.24, while the for the third
term retardation effect was not considered. If the retardation effect on the third
term would also be considered, then the result would be completely different. Also
in derivation of radiation by linear antenna (Sec. 9.4), authors considered only
transverse component of electric field in Eq. 9.56, in effect artificially neglecting
the longitudinal fields. If instead the electric field would have been found by using
current source (given in Eq. 9.51) in Jefimenko equations (Eq. 9.24), then longitu-
dinal electric fields would have been obtained. The same mistake was introduced
in [32], where during the derivation of radiation of half-wave antenna (Sec. 14.2),
it was stated that “The electric field is, of course, perpendicular to the magnetic
field, and it has the same magnitude.” If, instead, the electric field was found by
time differentiation of vector potential given in Eq. (19), then longitudinal elec-
tric field would appear. Similarly, during the derivation of the center-fed antenna
radiation in Sec. 9.4 in [25], first vector potential was found in Eq. (9.55). Then
it was assumed that “The electric field is in the direction of the component of A
perpendicular to n”. In [12], first vector potential was found in Eq. (13.40) in Sec.
13.4, then magnetic and electric fields were found as B = ikr ×A (in Eq. 13.45)
and as E = −r × A (in Eq. 13.46), respectively. In [36], authors first derived
the radiation of the c-dipole in Sec. 16-8. The obtained results already contained
the error mentioned in [51]. In the next Sec. 16-9 radiation of half-wave antenna
was considered, which was done by simply integrating the radiation results of a
c-dipole from the previous section. Similarly, in [5] radiation due to infinitesimal
electric dipole is obtained first in Eq. (4-26) in Sec. 4.2, later radiation of the
linear antenna in Eq. (4-62) was derived by integrating the result of infinitesimal
antenna. Therefore we can identify two main sources of error:
– First radiation due to infinitesimal electric c-dipole is considered under the
assumptions d  λ  r. This leads to erroneous results due to the fact that
16 Altay Zhakatayev, Leila Tlebaldiyeva
d = 0 is used at one point during the derivation, but at other parts of the
derivation the assumption d ≈ 0 is utilized. This error is then propagated
to linear antennas when its radiation is derived by simple integration of the
infinitesimal c-dipole radiation results.
– First vector potential is found for sinusoidal currents. Then from vector poten-
tial magnetic field is found. After that electric field is assumed to be perpen-
dicular to magnetic field.
The last point that we would like to mention is the simultaneity of charge
oscillations or the issue of how different observers would “perceive” the charge
oscillation of the electric dipole. In the derivation of the first paper [50], it was
assumed that charges are oscillating synchronously. By synchronous oscillation of
charges, which are located at different points in space separated by non-negligible
distance d, we mean the following. Let us imagine a light source located at the
middle of the electric dipole system. The light source and two charges are located
at the same inertial frame of reference (they are stationary with respect to each
other). At one point in time light is emitted towards upper and lower charges.
When light reaches the charges, their charge magnitudes start oscillation accord-
ing to cosine law as given in the paper [50]. This gedanken procedure would ensure
that in the stationary frame of reference net charge of the system is zero. From the
perspective of the observer located at an arbitrary point in space, “signals” from
the upper and lower charges reach the observer at different times. This is due to
the different distances from the upper and lower charges to the point of observation
(with the assumption that “signals” from the upper and lower charges propagate
at the same speed). However, this does not imply that the net charge of the system
oscillates. An observer just “sees” the charges to be not the same, but in no way it
means that net charge of the system oscillates or that the charge conservation law
is broken. For example, there would be observers at specific locations, who would
“see” that when the upper charge is at maximum, the lower charge is at minimum.
This observer would conclude that the net charge of the system is always zero.
There would be other observers at other locations, who would “see” that both
charges simultaneously have maximum and minimum values, thus the observer
would conclude that the net charge of the system oscillates at twice amplitude. Of
course, there would be other observers who would “see” intermediate result from
these two extreme cases. This is an example of constructive and destructive inter-
ference. This issue about simultaneity does not arise in the classical case, because
the assumption d  λ implies that retardation effects can be ignored within the
system (time of propagation of electrodynamic signals across the system is negligi-
ble), so that all observers “see” that two charges oscillate synchronously. In other
words, two synchronous events taking place at two points in space infinitesimal
close to each other would be perceived as synchronous by all observers (no matter
where they are located). However in our case we have λ  d, and so retardation
effects within the system cannot be ignored. As a result, observers at different lo-
cations would perceive different effects of charge oscillations. It can be concluded
that in macroscopic systems, which have non-negligible propagation time of elec-
trodynamic signals, conservation of charge might be perceived to be broken, but in
reality it is not broken. We would like to point out that in the second paper more
general result, where two charge oscillations might have arbitrary phase shift, was
obtained [51].
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We hope that soon our theoretical results will be checked experimentally and
either verified or rejected.
5 Conclusion
In this work we further advanced theoretical investigation of radiation by the elec-
tric dipole under the assumption λ d r, where λ is the wavelength, d is charge
separation distance and r is a distance up to the point of observation. Specifically,
radiation due to standing wave currents were considered. Results indicate that the
electric dipole, which now essentially is a linear antenna, emits both long range
longitudinal electric and transverse electromagnetic waves. Initially, two cases were
considered: electric dipole with and without charge oscillations at its ends. Later
each case was further divided into two cases: with even and odd number of half-
wavelengths. For specific values of the system, longitudinal electric and transverse
electromagnetic waves were depicted. Also total radiated power, longitudinal to
transverse power ratio and radiation resistance were calculated. Theoretical impli-
cations of the existence of longitudinal electric waves were discussed. We hope that
the existence of longitudinal electric waves will be tested experimentally soon.
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